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1. [bookmark: _Toc131362829]Introduction
Global warming and climate change are terms frequently used in the 21st centaury. They describe the damage that mankind has and will continue to have on our planet if things do not change. In recent years, many industries have adopted a more environmentally friendly attitude in an attempt to reduce their carbon footprint. This includes the motorsport industry, often under fire for their fossil fuel bias championships and travel requirements, with many of them reaching multiple continents in a single season. But on top of this motorsport and its series are meant to be an opportunity for teams and manufacturers to show their advances in technology. Which is why a strong display of sustainability could benefit not just the series but the industry overall.

The aim of this report is to take a sustainable engineering standpoint surrounding the motorsport championship, World Rally Championship (Rally 1). Established in 1973 and described as “an epic battle against the elements and the clock” (WRC, 2023) the World Rally Championship has been a fan favourite of motorsport enthusiasts for decades.  In its current format WRC features 12 rallies across 4 continents, from snowy forest roads to twisting mountain passes, it’s an eye watering display of man and machine working in harmony. In recent times the championship has made a step in a more environmentally friendly direction with the introduction of hybrid vehicles. However, this report will extend beyond just the vehicles on grid, looking at other alternative ways for the carbon footprint of this championship to be reduced even further. Because for a championship that takes place in the heart of nature all over the globe, it is only right a step in the direction of preserving it is taken. 
2. [bookmark: _Toc131362830]Literature Review
2.1. [bookmark: _Toc131362831]Energy Carriers
‘Energy carrier’ refers to either a substance (fuel) or a phenomenon (energy system) that contains energy that can be converted into other forms of energy, such as mechanical or heat. The substances or phenomena classed as energy carriers that will be studied in this report are either renewable or sustainable (IMECHE, 2023). 
2.1.1. [bookmark: _Toc131362832]Electricity
Electricity can be produced in a multitude of methods, many in the modern day that are either renewable or sustainable. Examples of these methods include, Solar, Wind and hydro which are all fully sustainable (Bogdanov et al., 2019).

Solar power is generated from solar radiation produced by the sun. There is a variety of ways in which this radiation can be used, the two methods that will be included in this report are heliochemical, used in the conversion of solar radiation into electricity and heliothermal, used in the conversion of solar radiation into thermal heat (Guney, 2016).

Heliochemical, also known as photovoltaic (PV) energy conversion uses PV cells to directly convert sunlight into electricity. This is achieved via direct or indirect exposure to the solar radiation causing a reaction between the radiation and a semiconductive material. The most used material in modern solar panel cells is crystalline silicon, achieving a power conversion efficiency between 15-22%. When the radiation reacts with a cell the energy knocks an electron free from its atom allowing it to flow through the material, resulting in DC electricity. From this point the DC electricity is transferred to a power inverter which converts this current to AC, the type of power used in homes and businesses (Guney, 2016).

Heliothermal on the other hand converts the solar radiation into thermal energy (heat).  This conversion of radiation can fall into three categories depending on how the thermal energy is collected. The method we will focus on in this report is when it’s collected in a fluid. In this case the thermal energy can be used to heat water and other necessary fluids, useful for catering and other applications (Guney,2016). 

The power produced by these systems can be used in a multitude of ways, from powering the vehicles electric powertrains to providing the infrastructure with 100% renewable energy. In terms of using this power to charge an electric powertrain the energy would need to be stored in batteries. This would allow a portable power supply which would suit the championship as it is constantly moving between rallies from country to country. However, batteries have a lifespan with them degrading over time and eventually needing to be replaced and recycled which can prove a challenge due to cost and the environmental impact this can have with the process releasing emissions contributing to greenhouse gases. Batteries also contain less energy per unit in terms of weight/volume when compared to traditional fossil fuels, yet this is a problem that can be resolved with the introduction of more advanced batteries and storage techniques (Soloveichik, 2011).

2.1.2. [bookmark: _Toc131362833]Hydrogen
Hydrogen is another energy carrier with extreme potential. As a raw material it is highly abundant and contains a large gravimetric energy density making it very ideal as a renewable source of fuel. On top of this, when burned in its gas form the only biproduct released is H20, therefore meaning this fuel would have no contribution to greenhouse gas emissions (Singh, 2015). However, to achieve this the hydrogen would have to use a fuel cell rather than an internal combustion engine. 

Hydrogen fuel cells produce electricity via a chemical reaction between hydrogen and oxygen. The process begins with hydrogen stored in a high-pressure tank being emitted into the fuel cell, from here the hydrogen is separated into protons and electrons at the anonde. The electrons flow through an eternal circuit creating electrical current while the protons pass through the membrane electrode assembly to the cathode. The membrane electrode assembly consists of a proton exchange membrane and catalyst coated electrodes. This thin layer between the anode and cathode allows for ions to flow between them. At the cathode oxygen is fed into the fuel cell where it reacts with the protons and electrons that have passed through the membrane electrode assembly creating the only biproduct of this reaction, water vapour. 

2.1.3. [bookmark: _Toc131362834]Bio/Synthetic Fuels
Alternative fuels (bio/synthetic) are fuels that have not been derived from crude oil such as petrol & diesel. These fuels when used in an internal combustion engine (ICE) offer many benefits including a bright as well as a sustainable future for the vehicular industry (Hwang et al., 2016). This is due to their reduced emissions in comparison to petrol and diesel when burned & offer the ability to replace depleted and costly supplies of natural gasses/oil (Probstien & Hicks, 2006).

Bio/synthetic fuels are substances that are produced via fermentation of plants, algae, or microbial culture that are chemically comparable to gasoline and diesel. The carbon in biofuels comes from carbon dioxide, which plants convert to their biomass through the process of photosynthesis (Sachdeva, 2013). As previously mentioned, they offer many properties such as sustainability, reduction in greenhouse gas emissions & security of supply due to the abundance in biomass (Demirbas, 2006). An example of a bio/synthetic fuel is ethanol, the fuel currently blended with petroleum to produce E5 & E10. In terms of octane number and latent heat of vaporization it allows for a large improvement of the engine due to these properties being like that of petroleum (Jeuland, 2006).

[bookmark: _Hlk131346293]Currently at the pinnacle in terms of Biofuels is a product called Excellium Racing 100, quoted as a “certified 100% sustainable product according to the mass balance system applied by a voluntary certification organisation approved by the European Union” (Total Energies, 2023). This fuel is produced from agricultural waste, via 18 months of research and development the waste that was acquired from viniculture was turned into a competition fuel that meets FIA requirements. Not only was this fuel created, but it was used throughout the grid of Le Mans 24-hour race in 2022 (Total Energies, 2023), meaning the fuel has also been proven through practice. The result of using this fuel in the series also resulted in a reduction of carbon emissions of at least 65% over its life cycle (Total Energies, 2023).

2.1.4. [bookmark: _Toc131362835]Energy Recovery Systems
There are numerous options when it comes to recovering energy that can be re-used from a drivetrain or powertrain. They capture energy that would have otherwise been lost and allow it to be stored and used again in the drive process or to support powering other auxiliaries. This energy can be recovered in the form of regenerative braking & deceleration. This system is often referred to as MGU-K. Which converts the kinetic energy which is usually dissipated as heat via the brake discs and pads and captures it using an electric motor. When the brakes are applied the electric motor acts as a generator converting the wheels rotational energy into electrical energy. This is the current form of recovery systems within the WRC as well as Formula 1. 

Another high-tech recovery system being used in Formula 1 is motor generator unit-heat (MGU-H). This system captures heat spent from the vehicles exhaust. It uses a turbine connected to a generator within the exhaust system to capture the energy and convert it to electricity. Once again, the system recovers a loss that otherwise would have been wasted.

2.2. [bookmark: _Toc131362836]Sustainability Currently in Motorsport
[bookmark: _Toc131362837]2.2.1 Formula E
Formula E appears to be the most prominent environmentally friendly championship with it taking measures both on the track with their all-electric vehicles and off the track using sustainable energy sources to power as much as possible. In fact, in season 6 of the championship Formula E became the first championship to achieve a net 0 carbon emissions. This was achieved by a focus on the championships freight, recycling at their events and using as much renewable energy as possible. On top of this, where carbon emissions where un-avoidable Formula E invested in certified projects to offset this contribution (Formula E, 2023). 

[bookmark: _Toc131362838]2.2.2. World Rally Championship (Rally 1)
The 2022 season marked a new landmark for WRC with the introduction of their new generation Rally 1 vehicles, to uphold the FIA’s attempt to make motorsports more sustainable. The line up featured 3 cars from 3 manufacturers, Ford with the ‘Puma Rally 1’, Hyundai with the ‘I20 N Rally 1’ and Toyota with the ‘GR Yaris Rally 1’. These vehicles feature an 100kW electric motor combined with the “competition-proven” 1.6-litre turbocharged petrol engine. The result of this change is a package that produces over 500BHP while reduces harmful emissions emitted from the vehicles. On top of this the fuel encouraged to powering the ICE is 100% sustainable, reducing the carbon footprint of the championship even more (WRC, 2022).
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Figure1, Rally 1’s 2022 line up of hybrid vehicles (WRC,2022) 

[bookmark: _Toc131362839]2.2.4. Le Man 24HR 
Le Mans 24-hour has as previously mentioned taken a step in the direction of sustainability via the use of Excellium Racing 100 fuel, an 100% sustainable source of power for the vehicles on grid. However, in 2022 another form of fuel was used by a program between ACO and Green GT. This fuel was in the form of hydrogen, used in the vehicle Mission H24. 

The vehicle did not compete directly within the championship but was more a display of what the future motorsport could possibly hold (WEC, 2022). The cars inclusion in the championship was a success completing several laps prior the start of the competition, however its lap times reflected a non-competitive vehicle in comparison to the ICE vehicles that competed in the championship. This is believed to be since this technology is new and still has a large amount of development to come. Also, a factor to consider is the weight of the of the car, a large amount more than the other cars on grid due to the thick walls of the fuel tank required to safely store the hydrogen (GreenGT, 2022). 
[image: Graphical user interface, application

Description automatically generated]
Figure 2, Mission H24 vehicle (WEC, 2022)

2.3. [bookmark: _Toc131362840]World Rally Championship Legislation in Terms of Sustainability
The World Rally Championship (WRC) has introduced several technical sustainability legislation measures to make the sport more sustainable. One such measure is the introduction of hybrid powertrains in the rally cars. The hybrid powertrains are designed to reduce carbon emissions and improve fuel efficiency while maintaining performance levels. Additionally, the use of biofuels is encouraged, which are produced from renewable sources and have a lower carbon footprint than traditional fuels. The WRC also mandates the use of sustainable materials in the construction of the rally cars and has set targets to reduce the carbon footprint of the sport (FIA, 2022).

Looking to the future, the WRC has set ambitious targets to achieve sustainability in the sport. The WRC is aiming to be carbon neutral by 2030, and the rally cars will be powered by 100% renewable energy sources by 2035. The use of electric and hydrogen-powered cars is also being considered to reduce carbon emissions further. Additionally, the WRC is exploring ways to minimize waste and promote circular economy practices, such as recycling and repurposing materials used in the sport. These sustainability legislation measures demonstrate the WRC's commitment to reducing the environmental impact of the sport and promoting sustainable practices (FIA, 2022).

2.4. [bookmark: _Toc131362841]Championship Travel & Event Improvements
With most championships travelling globally and hosting largely attended events there Is a huge opportunity to improve their carbon footprint off the track. This includes, freight, team travel, catering and other off-track activities such as maintenance of the vehicles.

2.4.1. [bookmark: _Toc131362842]Formula E Off-Track Improvements
As previously mentioned, Formula E achieved a net 0 carbon emissions championship in season 6. A lot of this was due to how they managed not only the cars on track but everything that was required to make the events happen. Figure3 shows the percentages of where these emissions stemmed from. As can be observed a massive percentage of the overall carbon emissions come from the freight sector, responsible for transportation of vehicles and other equipment between events. Other percentages include staff travel, operations, food and drink as well as spectator travel. But the most impressive thing to note is how the vehicles competing in the championship only contribute to 1% of the overall CO2 emissions, which really emphasises on how much an improvement off-track can really have on a motorsport championship. 
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Figure3, A pie chart showing the % distribution of CO2 emitted during the championship. (Formula E, 2022)

The ways in which Formula E tackles these percentages in order to achieve a net 0 series include:
· Freight optimization, achieved via optimisation of the calendar to reduce the distance between events, use of a multi modal approach using sea, rial & road over air where possible and only freighting race critical items, sourcing other assets locally where possible.
· Suppliers are another focus in the sustainability plan, using food and beverages sourced locally and a sustainable approach in terms of construction.
· Transport is tackled in terms of spectators by not providing public car parks at the event, promoting the use of public transport in the events area. This plan doesn’t stop at spectators though and stems in to even the teams competing, with only race critical staff attending the events reducing unnecessary attendance. 
· Waste is managed from the events with the removal of single use plastic bottles and the introduction reusable replacements. Hydration stations were also implemented to reduce on site waste.
(Formula E, 2022)

3. [bookmark: _Toc131362843]Suggested Plan in Aims to Reduce the Carbon Footprint of WRC
Below is suggested actions which could be implemented into the World Rally Championship to reduce the series overall carbon footprint. These suggestions consider the research gained from this report and both actions on and off the track.
3.1. [bookmark: _Toc131362844]Powertrain and Drivetrain Improvements
With the introduction of hybrid vehicles including recovery systems and encouraged use of sustainable fuels it appears that the WRC is taking measures to make the championship more sustainable. However, there are always improvements that can be made. The first change that could have a good return on carbon emissions with little to no disturbance in the championship is an enforced use of 100% sustainable fuels such as Excellium Racing 100. With this development teams would have no choice but to fuel their competing cars with the provided sustainable option. 

Other recovery systems could also be introduced to assists the MGU-K/regenerative braking systems already in place. The MGU-H system currently used to recycle exhaust gasses in formula one may be complicated and costly but by implementing this change into the vehicles will result in more power being harvested from losses. This in turn reduces the amount of work from the ICE with more energy being supplied to the supporting electric motor system allowing it to be used more frequently. With an increased use of the sustainable power source the emissions produced by the car can once again be reduced.

3.2. [bookmark: _Toc131362845]Infrastructure Improvements
Demonstrated by Formula E it is clearly apparent that factors outside the races themselves have a very large contribution to a series overall carbon footprint. This is where the WRC will benefit most via changes. The plan to reduce emissions in the series should follow a similar pattern to what Formula E have implemented into their own series. Starting with an optimisation of the championships calendar. Currently the calendar doesn’t consider minimising the distance between each event, this results in larger distances being covered than necessary to complete the championship. The result of this equates to a larger carbon footprint due to the carbon emissions spent across large producers of such emissions in the series such as freight. A more optimised calendar could allow for a larger use in other modal transports such as rail, road and sea rather than air. It would also reduce distance covered by staff and spectators. 

Another improvement could include the use of sustainable energy such as solar converted to electrical to power as much as possible, including the charging stations for the cars, the electric power tools used in the mechanical area, technical equipment used to track the vehicles performance, catering stands and any entertainment on site. This reduction in use of fossil fuels would only benefit the targeted reduction of emissions. 

Other changes could include promoting the use of sustainable and renewable materials where possible, in terms of track Layout construction and catering equipment. The food and beverages on site could also be sourced locally reducing the carbon spent transporting them to the event whilst supporting local businesses and infrastructure. Recycling as much as possible would also help an attempt in a reduced emissions series, although the WRC has made attempts into this it should be a focus. This is because a large majority of the events take place in natural areas, these areas are largely in need of protection from such negatives as littering and poor maintenance. 

4. [bookmark: _Toc131362846]Conclusion
To conclude this report, it is apparent that governing bodies such as the FIA alongside manufacturers and teams in motorsport are taking strides to become as sustainable as possible in all aspects. WRC aims to be carbon neutral by 2030, with the changes that have already been implemented into the series and the adoption from others such as Formula E I think this can be achieved. Overall, an all-hydrogen grid would be the best option but the technology in this sector doesn’t seem to be advanced enough to make the transition into mainstream motorsport with comparisons in performance statistics leaning in favour of electric and ICE vehicles. 

An all-electric grid could be very possible and wouldn’t come as a surprise if the WRC chose to go in this direction, however the hybrid vehicles and introduction of sustainable fuels allows for improvements as well as keeping the ICE powertrains which the fans love so much until this layout is no longer able to meet the aims and goals of the series as well as the legislation enforced by the FIA. 


[bookmark: _Toc131362847]References
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Formula E’s Sustainability Programme is based on three pillars; delivering sustainable events, making o
meaningful positive impact in each host city, and using our global platform to promote electric cars
and the part they'll play in addressing air pollution.

From optimising transportation and logistics, to extending end-of-life options for lithium-ion battery
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produced from agricultural waste, via 18 months of research and development the waste that was

acquired from viniculture was turned into a competition fuel that meets FIA requirements. Not only

was this fuel created, but it was used throughout the grid of Le Mans 24-hour race in 2022 (Total

Energies, 2023), meaning the fuel has also been proven through practice. The result of using this fuel

i the series also resulted in a reduction of carbon emissions of at least 65% over its life cycle (Total

Energies, 2023).

2.1.4. Energy Recovery Systems
There are numerous options when it comes to recovering energy that can be re-used from a
drivetrain or powertrain. They capture energy that would have otherwise been lost and allow it to
be stored and used again in the drive process or to support powering other auxiliaries. This energy
can be recovered in the form of regenerative braking & deceleration. This system is often referred to
as MGU-K. Which converts the kinetic energy which is usually dissipated as heat via the brake discs
and pads and captures it using an electric motor. When the brakes are applied the electric motor
acts as a generator converting the wheels rotational energy into electrical energy. This is the current
form of recovery systems within the WRC as well as Formula 1.

Another high-tech recovery system being used in Formula 1 is motor generator unit-heat (MGU-H).
This system captures heat spent from the vehicles exhaust. It uses a turbine connected toa
generator within the exhaust system to capture the energy and convert it to electricity. Once again,
the system recovers a loss that otherwise would have been wasted.

2.2.  Sustainability Currently in Motorsport

2.2.1 Formula

Formula E appears to be the most prominent environmentally friendly championship with it taking
measures both on the track with their all-electric vehicles and off the track using sustainable energy
sources to power as much as possible. In fact, in season 6 of the championship Formula E became
the first championship to achieve a net 0 carbon emissions. This was achieved by a focus on the
championships freight, recycling at their events and using as much renewable energy as possible. On
top of this, where carbon emissions where un-avoidable Formula E invested in certified projects to
offset this contribution (Formula £, 2023).

2.2.2. World Rally Championship (Rally 1)

The 2022 season marked a new landmark for WRC with the introduction of their new generation
Rally 1 vehicles, to uphold the FIA's attempt to make motorsports more sustainable. The line up
featured 3 cars from 3 manufacturers, Ford with the ‘Puma Rally 1', Hyundai with the ‘120 N Rally 1’
and Toyota with the ‘GR Yaris Rally 1'. These vehicles feature an 100kW electric motor combined
with the “competition-proven” 1.6-litre turbocharged petrol engine. The result of this change is a
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